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MODELING ON-RESISTANCE FOR SILICON
PHOTOCONDUCTIVE SWITCHING DEVICES

Jeffrey Morse

1. INTRODUCTION
Analytical models have been developed in order to characterize the on-
resistance of silicon photoconductive switching devices as a function of the

optical energy absorbed. Previously, the switch resistance has been expressed

as [1]:

R = — - (1)
on quEa

where hv is the energy per photon of incident light, L is the gap length
between electrodes, V is the applied voltage, Ea is the absorbed energy and vq
is the carrier drift velocity. From Eq. (1), it can be seen that if v, were a
constant, ROn would be directly proportional to the applied voltage.

However, the carrier drift velocity is generally a function of applied
voltage. As the energy incident upon the photoconductive switch increases,
more carriers are generated, inc¢reasing the conductivity, resulting in a
decrease in the voltage drop across the switch. At high absorbed energy,
there is only a small voltage drop across the device. Therefore, the electric

field is reduced in the silicon and the carrier velocity is given by

vy = uEsw = pv/L (cm/sec) (2)

This work was performed under the auspices of the U.S. Department of Energy
by Lawrence Livermore National Laboratory under contract No. W-TLOS-Eng-.48.



From (2), p is the carrier mobility and Egy 18 the electric field across the

switch,
The photoconductive switching device structure is shown in Fig. 1. For

this simple structure, the switch resistance when conducting is described by
R =p L/A - (3)

where p is the resistivity and A is the cross sectional area of the device.

The resistivity is given by

p = q(unn + 1.1pp)-1 (%)

where the electron and hole concentrations are determined by

= + '
n=n +n (5a)

= 1]
P=P,*P (5b)
where n, and p, are the equilibrium concentrations, and n' = p' is the excess

carrier concentration. For high absorbed energy, n' >> Ny, p' >> Po-

Substitution of (5a,b) and (4) into (3) gives

~ L L

S qlu * uyIn'A " qun'A (&)




From Eq. (6), u = (un + up) ~u for silicon assuming constant mobility. In
order to determine the excess carrier concentration generated from the

absorbed light, the following two assumptions are made:

1) One EHP is generated for each photon absorbed.

2) The device thickness is small compared to the absorption length.

Now, the excess carrier concentration can be calculated by

E

n' = E% /Volume (M

E
a

~ hvLA

Combining (6) and (7) gives the expression for the on-resistance as

th2

R = quE, (1-R) (8)

where Ej Ei(1-R). E; is the incident energy and R is the reflectivity of

the semiconductor material. The 1/Ron vs, E_, relation is independent of

a

applied voltage and has a constant slope of

d(1/R0n)

y
dEa 1.92 x 10 . (9)

for IR light (A = 1.05 um) with a gap length of L = 2.5 mm. Note that the

switch resistance, as given by Eq. (8), is independent of the device thickness

and width.



2. EFFECTS OF ELECTRIC FIELD AND CARRIER-CARRIER INTERACTIONS
As the absorbed energy increases, the density of free carriers generated
increases. When the excess carrier concentration exceeds n' > 1016 cm'3, the
mobility is severely degraded (Fig. 2) [4] due to carrier-carrier

interactions. A carrier concentration dependent mobility model
u(n) = uo/(C1n + C2) (10)

where My is the mobility at equilibrium, C1 and C2 are empirically determined
from Fig. 2, replaces the constant mobility in Eq. (8). The curves A and C in
Fig. 3 illustrate the switch conductance, absorbed energy relation using this
model. For excess carrier concentrations n' = p' > 1017 cm'3, the electron
and hole mobilities are comparable. By including the hole mobility in (8),
the switch conductance increases by a factor of two. This is illustrated by’
the curves B and D of Fig. 3. Thus, an ambipolar mobility model is required
at higher incident energy. Note that by including the carrier concentration
dependent mobility in Eq. (8), the on-resistance becomes a function of the
device width and thicknesé because n = number of car;iers generated/volume of
device (cm™3), is now implemented in Eq. (10).

At low absorbed energy, the switch resistance will be lérge, resulting in
a large voltage drop across the switch. There is now a substantial electric
field within the active area of the switch. A field dependent (Scharfetter-

Gummel) [2] mobility model, given by



2 1/2
N (E/A) 2
¥ N7S*N, *Erer (BB (1)

u(E) = uo/[1

where E is the electric field, N is the impurity concentration and A, B, F, S,
and N, are empirical constants given by [2] is used in Eq. (8) to calculate
the switch on-resistance. Assuming the photoconductive device is mounted on
50 ohm transmission lines, the circuit shown in Fig. 4, along with Eq. (8) are
Simultaneously solved using iterative techniques in order Eo determine the
voltage across the switch for a given energy absorbed. Figure 5 illustrates
the switch conductance vs. Ea for IR light incident at various voltages.
Figure 5 assumes a field dependent mobility only. The effects of the electric
field on switch conductance are most predominant at lower absorbed energy. As
Ea increases, the curves converge.

Next, a full field and carrier concentration dependent mobility model was
implemented in Eq. (8). The switch conductance vs. absorbed energy is shown
in Fig. 6. It can be seen that for Ea = 100 udJ, a switch resistance of
Ron = 3.0 ohms can be expected. 1In order to obtain on-resistances less than

1 ohm, energy on the order of a millijoule will be necessary.

3. TEMPERATURE EFFECTS
The effects of reducing the temperature substantially below room

temperature significantly improve the characteristies of photoconductive

switching devices as follows:

1) The absorption coefficient of the semiconductor material will vary

with temperature, thus increasing the sensitivity of the device to

the incident light.



2) The carrier mobility varies with temperature, thereby changing the

conductivity of the device.

Only the variations in mobility with decreasing temperature will be considered
at this time. The mobility for electrons and holes as a function of
temperature is illustrated in Fig. Ta,b, respectively. From Fig. 7, the
mobility temperature relationship is determined to be [3]:

-2.42
un(T) = AnT (12)

-2.2
up(T) = ApT (i3)
where A, and Ap are given by [3]. The conductance vs. absorbed energy is
shown in Fig. 8 at various temperaﬁures using the relationships of (12) and
(13). The model also uses tﬁe carrier concentration and electric field
dependent mobility models previously mentioned. It can be seen from Fig. 8
that there is a Significant increase in the switch conductance at T = 77°K
over that at room temperature.

By observing the experimental data of Fig. 7a, it can be seen that the
relation given by Eq. (12) is only valid over the temperature range
200°K < T < 1000°K. For temperatures below 200°K, a new relation is required
to accurately describe the electron mobility as a function of temperature,
This relationship can be expressed as

-2.55
un(T) = AnT (14)



where A, is the same as in (12). Figure 9 compares the results obtained by

using Eq. (14) to those obtained by using Eq. (12) for T = 77°K and T = 100°K.

4., CONCLUSION

It has been shown that by using a more exact mobility model which
accounts for physical effects on the carrier mobility, significant changes in
conductance are found for the same device structure. The effects accounted
for in this more éxact model are electric field degradation, carrier-carrier
interactions, and temperature effects. Further work in this area should
concentrate on obtaining experimental data to verify these results, along with
the development of more exact numerical models to account for two-dimensional

drift and diffusion effects on device performance.



£1]

(2]

(3]

(4]

REFERENCES

G. Mourou and W. Knox, "High-Power Switching With Picosecond Precision,"”

Appl. Phys. Lett. 35, October, 1979.

D. L. Scharfetter and H. K. Gummel, "Large Signal Analysis of a Silicon

Read Diode Oscillator,"” IEEE Trans. Electron Devices, ED-16, 64, 1969.

C. Jacoboni, C. Canali, G. Ottaviani, and A. Quaranta, "A Review of Some
Charge Transport Properties of Silicon," Solid State Electronics, 20,°

p. 77, 1977.

A. Blicher, "Field-Effect and Bipolar Power Transistor Physics," Academic

Press, New York, 1981.



\\\\\\\\\\
___________________
...............

INSULATING

SUBSTRATE
UNDOPED SILICON

Silicon Photoconductive Switching Device Structure

FIGURE 1



o TR T PN

:' | iby ) | . |
3 Q\K
L -
: RS
o gt \\ikﬁb‘
{ 3
3 \\\
[ ) \‘L \
° - " o o' - ' T s 10%° e

CAAMEN CONCINTRATION & {em°?)

Electron (upn), hole (u ), and ambipolar
(uy) mobilities as a flnction of a carrier
concentration (From [4]).

FIGURE 2

-10-



Cond. (1/0))

0.40 -
0.35 -
0.30 -
0.25 A
0.20 -
0.15 -
0.10 -

0.05 -

0.00

L

d i
T L v

10 20 3o 40 S0 60 70 a0 90
Energy Absorbed (uJ)

L b
T ™

Switch conductance as a function of absorbed energy
assuming a carrier concentration dependent mobility.

FIGURE 3

~11-

. 100



PCE | 4——— hv

+

Equivalent circuit of photoconductive switch
mounted on 50 ohm transmission lines

FIGURE 4

-12-



Conductance
(1/Q)

0.20 1
0.18 {
0.16 {
0.14 }

0.12 4

0.10 t
008 t

0.06 -

0.04 ¢+
002 t

0.00 1

Photoconductive switch

Light sensitivity

o
L]

-6~ 2000 Voit
-0- 4000 Voit
6000 Voit -
8000 Vvoit
10,000 Volt

3 4 S 6
Absorbed Energy (pJ)

7

Switch conductance as a function of absorbed
energy assuming field dependent mobility.

FIGURE 5

-13-



Conductance
(1/Q)

0.6 4

0S +

Linear mobility

0.4 4
03 ] '--’.:".:‘/-.:\_—.
f Conc. Dep.

=T maobility

021 P :
e
o1
00 ' —t $ o } e — ——e P
0 10 20 30 40 50 60 70 80 90 100

Energy Absorved (nJ)

Comparison of switch eonductance as a function of
absorbed energy for constant mobility and electric
field, carrier concentration dependent mobility.

FIGURE 6

-14~



.
a

a
- g—w—vy .n-,":' Ve gy s crgeny

cod st abend o s abened o s atans

ELECINON MOBIIIY (cm'V'sec’)
H

-
P

-

—aa 2l

. .
) !

[

TEMPERATURE (X )

a) Ohmic mobility of electrons in silicon as a
function of temperature. It can be seen
that for T < 100%K, the electron mobility

has a T <* dependence on temperature (from
[3] ) L]
. — ’
.E Sicya T t
19 = - E r
- inew” ° :
.-U ; \. \ }
-2 ’.. :.'\ J
~> ‘0 -k 19 ¢ -:‘\ .l
: A SN %
- L N
» i 3 E
= - =
- i H
§ :b ) ';" \ .'
: |: ML) )
- “’... L] ° ﬂ..
3 IR
B LE '.‘\ j‘
'.ll 1 O LL.J
e |.J l.J

TEMPERATURE 1K)

b) Ohmic mobility of holes in silicon as a
function 05 Semperature. The so0lid lir_le
shows a T << dependence of hole mobility
on temperature (from [3]).

FIGURE 7



Cond. (1/Q)

T=100 °K

60 70 ao 90
Absorbded Energy (uJ)

Switch conductance as a function of gbsorbed
energy at T=77, 100, 200 and 300 K.

FIGURE 8

-16~



"
8 + ) .’,l’/.”
Solid points = T°(-2.42) -
7 Open points = T°(-2.55) e
-+ ./
,/’/ 77 *K
51 -//.// o—"
./ D/D/u/
S+ ‘ = D’,u”
Cond. (1/0) ./-/ e ——
./
41 o — — 100 °K
o r”.——
3 T / " o/./ ) e -
V. e
2 T [ U/././ -—"_—— e
Sl
\+ Ry
P
riz
0 b } 4 —— — —
0 i0 20 30 40 S0 60 70 80 @90 100

Energy absorbed (uJ)

Switch conductance as a function of assggbed energy
for unaT‘2'42 compared to unaT' .

FIGURE 9

-17-



